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Introduction
Melanoma inhibiting activity/cartilage-derived retinoic acid-sensitive protein (MIA/CD-RAP) was cloned as a secreted protein from human melanoma cell lines (Blesch et al., 1994) and independently by differential display comparing differentiated with dedifferentiated chondrocytes (Dietz and Sandell, 1996) . Several studies indicate an important role of MIA/CD-RAP in tumor progression and metastasis of melanoma as MIA/CD-RAP mediates detachment of melanoma cells from extracellular matrix molecules such as fibronectin by inhibition of integrin activity where specifically integrin alpha 5 and alpha 4 beta 1 were shown to be affected by melanoma inhibiting activity (MIA) Bauer et al., 2006; Stoll et al., 2006) .
The three-dimensional structure of MIA/CD-RAP has been solved by multi-dimensional NMR (Stoll et al., 2001 ) and independently by x-ray crystallography (Lougheed et al., 2001) and indicated that MIA/CD-RAP defines a novel family of secreted proteins, which adopt an SH3 domain-like fold in solution (Stoll and Bosserhoff, 2008) .
In non-neoplastic tissues MIA/CD-RAP expression is activated from the beginning of chondrogenesis throughout cartilage development (Dietz and Sandell 1996; Bosserhoff et al., 1997; Moser et al., 2002) and in vitro it is a specific marker for chondrocytic differentiation . Based on its highly restricted activity the MIA/CD-RAP promoter was used to study transcriptional mechanisms mediating chondrocyte differentiation. Expression of a LacZ-reporter under control of the 2251 bp MIA/CD-RAP promoter was exclusively observed in cartilage (Xie et al., 2000) . For co-immunoprecipitation biotinylated MIA was incubated with recombinant BMP2, purified via streptavidin-coated beads, separated on a 12% SDS-PAGE followed by blotting and detection with an anti-BMP2 antibody. No interaction of these two molecules was observed (lane: BMP2 + MIA). As a negative control BMP2 alone was used in the assays (BMP2); as a positive control BMP2 was separated on the gel, blotted and detected by the antibody (BMP2 control). (B) Induction of SMAD1/5 phosphorylation was determined by western blot. Treatment of chondrocytes with BMP2 (200 ng/ml) resulted in increase P-SMAD 1/5 detection (+BMP2). However, addition of MIA (100 ng/ml) did not change p-SMAD1/5 levels (+BMP2 + MIA).
These data suggested that MIA/CD-RAP may be functionally important for cartilage differentiation.
To study the consequences of MIA/CD-RAP deficiency in vivo we inactivated the gene by targeted germline mutation (Moser et al., 2002) . These data indicate that MIA/CD-RAP function is required for the highly ordered fibrillar ultrastructure of cartilage.
In a recent study we revealed that MIA/CD-RAP can influence cartilage differentiation (Tscheudschilsuren et al., 2006) . MIA/CD-RAP was not able to induce chondrocytic differentiation of human mesenchymal stem cells on its own but induced differentiation mediated by TGF-beta and reverted osteogenic differentiation by BMP2 into more chondrogenic differentiation.
We, therefore, aimed to analyze the molecular function of MIA/CD-RAP in cartilage differentiation using in vitro and in vivo models.
Results
As recent studies revealed an influence of MIA/CD-RAP on bone morphogenetic protein (BMP)-induced differentiation of mesenchymal stem cells showing inhibition of osteogenic differentiation and induction of chondrogenic differentiation, we aimed to analyze this mechanism in detail and to reveal whether MIA is important to stabilize chondrocytic differentiation.
Mechanisms of interaction with BMP signaling
Modulation of BMP signaling by MIA could be due to either direct binding of MIA to BMPs or by influencing the signaling capacity. Co-immunoprecipitation ( Figure 1A ) and ELISA (data not shown) clearly ruled out direct interaction of MIA/CD-RAP and BMP2. To analyze whether MIA/CD-RAP regulates BMP-induced SMAD signaling, phosphorylation of SMAD1/5 was determined by western blotting lysates derived from chondrocytes either treated with BMP2 alone or with BMP/MIA/CD-RAP ( Figure  1B) . No influence on SMAD1/5 regulation was observed by MIA/CD-RAP treatment.
In addition to regulation of SMAD signaling also ERK activation is induced by BMPs. To analyze the relevance of SMAD and ERK signaling for chondrogenic and osteogenic differentiation, human mesenchymal stem cells were treated with BMP2 to induce osteogenic differentiation. This process was either modulated by treatment with chordin, a molecule known as BMP inhibitor, or dorsomorphin, which was recently shown to inhibit specifically BMP-induced SMAD signaling (Yu et al., 2008) . Dorsomorphin and chordin inhibited induction of both osteoblast specific markers osteocalcin and osteopontin significantly (Figures 2A and 2B ). In contrast, only chordin, inhibiting BMP-induced Figure 2 . Influence of SMAD and ERK activity on HMSC differentiation. HMSCs were treated with BMP2 (200 ng/ml) to induce osteogenic differentiation. Cells were co-treated with either dorsomorphin (2 μM) or chordin (2 μg/ml), respectively. qRT-PCR revealed reduced expression of osteopontin (A) and osteocalcin (B) mRNA after treatment. Expression of aggrecan (C) and SOX9 (D) stayed unchanged after dorsomorphin treatment whereas chordin led to induced expression of these two genes. The experiments were repeated 3 times using cells from different donors. (*: P ＜ 0.05 compared to BMP2 treatment) SMAD and ERK signaling resulted in significant induction of chondrogenic markers like Sox9 and aggrecan. Dorsomorphin treatment, only inhibiting SMAD activation by BMP2, resulted in unchanged expression of these two genes ( Figures 2C and  2D) . Interestingly, studies of other groups revealed that ERK activity is a negative regulator of cartilage-specific gene expression (Bobick et al., 2004) .
Influence of MIA on chondrocytes
In a recent study we revealed that MIA/CD-RAP can inhibit ERK activity via negative regulation of integrin alpha 5 activity (Bauer et al., 2006) . We confirmed strong expression of integrin alpha 5 in chondrocytes by RT-PCR and demonstrated MIA/CD-RAP binding to integrin alpha 5 of chondrocytes by co-immunoprecipitation (Figures 3A and 3B) . To analyze MIA/CD-RAP effects on ERK signaling in chondrocytes, dedifferentiated chondrocytes in cell culture were treated with MIA/CD-RAP (100 ng/ml) for 30 min and regulation of ERK activity was analyzed by western blot ( Figure 3C ). Here, significant reduction of ERK activity was observed after MIA/CD-RAP treatment. Treatment with the ERK inhibitor PD098059 resulted in the expected reduction of ERK activity whereas the antibody JBS5 resulted in stimulation of ERK activity as already published (Forsyth et al., 2002) . The ERK-stimulating effects of the antibody could be significantly reduced by PD treatment but not by MIA/CD-RAP.
MIA/CD-RAP influence on ERK activity in chondrocytes was determined in cell culture in more detail. Dedifferentiated chondrocytes were treated with MIA/CD-RAP, PD098059 (ERK-inhibitor) and Here, lysate of chondrocytes was incubated with or without biotinylated MIA/CD-RAP and precipitation was performed on streptavidin beads. Precipitation was followed by a western blot to detect integrin alpha 5. (C) Regulation of ERK signaling in dedifferentiated chondrocytes treated with MIA/CD-RAP (200 ng/ml), PD098059 (20 μM), JSB5 (5 μg/ml) or combinations was analyzed by western blot using an anti phospho-ERK1/2 antibody. The experiments were repeated 3 times using cells from different donors. (D, E) Dedifferentiated chondrocytes were treated with MIA/CD-RAP, PD098059 (ERK-inhibitor) and the activating integrin alpha 5 antibody JBS5 either alone or in combination, followed by RNA extraction and quantitative RT-PCR for aggrecan, a cartilage specific molecule (D) and osteocalcin (E), a osteoblast specific molecule. the activating integrin alpha 5 antibody JBS5 either alone or in combination, followed by RNA extraction and quantitative RT-PCR for aggrecan, a cartilage specific molecule ( Figure 3D ). MIA was shown to induce aggrecan expression as well as the ERK inhibitor whereas the antibody JBS5 inhibited aggrecan expression, potentially by further activating ERK (Forsyth et al., 2002) . Effects of PD098059 could not be reversed by JBS5 effects as PD098059 acts downstream directly inhibiting ERK activity. MIA effects were completely abolished by an excess of JBS5 as both molecules directly affect integrin alpha 5. In addition, we analysed osteocalcin as marker for osteogenic differentiation. Here, MIA was revealed to inhibit osteocalcin expression while the antibody JBS5 slightly induced expression of the marker. Again MIA effects were compensated by an excess of JSB5 ( Figure 3E ). We, therefore, speculate that MIA/CD-RAP modulates chondrogenic differentiation via MIA/CD-RAP-regulated ERK-signaling. 
Effects of loss of MIA on bone formation in vivo
Following our results we hypothesized that MIA/CD-RAP modulates the balance between cartilage and bone formation. To get more insight we evaluated the height of the calcified zone of joint cartilage in tibia and femur of wild type and MIA/CD-RAP deficient at the age of 12 weeks ( Figure 4A ). The height of the calcified cartilage expressed as percentage of the overall cartilage height was significantly enhanced in MIA/CD-RAP deficient mice.
The overall height of cartilage did not differ significantly between wild type and MIA/CD-RAP deficient mice (data not shown). Furthermore, the chondrocytes of layers 2 and 3 showed disordered cellular arrangement ( Figure 4B ). In wild type mice chondrocytes were preferentially grouped in columns, whereas in MIA/CD-RAP deficient mice the chondrocytes were preferentially arranged in clusters ( Figure 4C ).
Discussion
Until today the molecular function of MIA/CD-RAP in cartilage and bone formation has not been analyzed in detail. The data generated in MIA/CD-RAPdeficient mice indicate that MIA/CD-RAP function is required for the highly ordered fibrillar ultrastructure of cartilage (Moser et al., 2002) . In previous studies, we presented evidence that MIA/CD-RAP can modulate BMP2 induced osteogenic differentiation into chondrogenic differentiation (Tscheudschilsuren et al., 2006) . To further focus on this role of MIA/CD-RAP we aimed to understand the interplay between BMP2 and MIA/CD-RAP and signaling pathways controlled by MIA/CD-RAP.
We could demonstrate that there is no physical interaction of MIA and BMP2 and no interference of MIA with the SMAD-pathway in chondrocytes. Instead MIA seems to modulate the osteogenic effects of BMP2 in human mesenchymal stem cells via inhibition of ERK signaling. BMP2 induces osteogenic differentiation of human mesenchymal stem cells via SMAD and ERK signaling (Lou et al., 2000) . Expression of the osteogenic markers osteopontin and osteocalcin is upregulated via Smads and can be inhibited by the BMP inhibitor chordin and the Smad inhibitor dorsomorphin (Figures 2A and 2B) . The activation of the ERK-pathway by BMP2 suppresses the expression of the chondrogenic markers aggrecan and SOX9 as demonstrated by complete inhibition of BMP-signaling including ERK as opposed to selective inhibition of Smad signaling which had no effect on the expression of chondrogenic markers ( Figures 2C and 2D) . Inhibition of ERK signaling was already previously described to force chondrogenic differentiation (Forsyth et al., 2002) as confirmed by our in vitro experiments showing increased expression of aggrecan after inhibition of the ERK-pathway in chondrocytes (Figure 4) .
Specific inhibition of integrin activity of integrins alpha 5 and alpha 4 beta 1 by MIA was reported in melanoma cells Bauer et al., 2006; Stoll et al., 2006) . Furthermore, ERK-signaling downstream of integrins has been described in several studies (summarized in Yee et al., 2008) . Therefore, we hypothesized that MIA might inhibit BMP2 effects by interference with the ERK-pathway via integrin alpha5. Data gained from in vitro experiments in chondrocytes suggest that MIA/CD-RAP can inhibit ERK signaling via inhibition of integrin alpha 5 ( Figure 3C ) most likely by physical interaction ( Figure 3B ). An activating antibody of integrin alpha 5 was shown to overcome the effect of MIA/CD-RAP in in vitro experiments supporting our hypothesis ( Figure 3C ). The presented effects of MIA on the process of BMP2-induced osteogenic differentiation may be interpreted as retardation of osteogenesis or stabilization of a chondrogenic phenotype. To support this hypothesis we examined the knee joint cartilage of MIA/CD-RAP-deficient mice closely. MIA/CD-RAP-deficient mice displayed subtle differences compared to wild type mice concerning two features: (1) the layer of calcified cartilage was significantly enlarged and ( Figure 4A ) (2) the spatial arrangement of chondrocytes was slightly disturbed ( Figure 4B ). The layer of calcified cartilage separates the hyaline articular cartilage from the subchondral bone (Revell et al., 1990; Lane et al., 1977; Hughes et al., 2005) . There is a line of calcification in tissue sections between calcified and hyaline cartilage known as the tidemark (Bullough and Jagannath, 1983) . The tidemark is a metabolically active region involved in mineralization of the overlying of non-calcified hyaline cartilage (Revell et al., 1990) . Ossification depletes the calcified cartilage at the cartilage/ bone interface and the tidemark has been thought of as a calcification front advancing towards the non-calcified cartilage. Active though slow remodeling takes place at the articular cartilage/subchondral bone interface in adult humans, rabbits, rats and mice (Revell et al., 1990; Sriram et al., 2009; Tomiya et al., 2009) . This process of transformation from hyaline cartilage to calcified cartilage and subsequently to bone is commonly viewed as a slow form of endochondral ossification (Revell et al., 1990; Lane et al., 1977; Tomiya et al., 2009) . This view is supported by the fact that expression of molecules typically involved in endochondral ossification such as for instance type X collagen are expressed in the tidemark of mice, rabbits and humans (Gannon et al., 1991; Hoyland et al., 1991; Kirsch et al., 1991; von der Mark et al., 1992; Walker et al., 1995) . The enlargement of the zone of calcified cartilage in MIA/CD-RAP-deficient mice indicates that MIA might be involved in the correct timing and sequence of transformation of cartilage to bone during the process of endochondral ossification of joint cartilage. It can be speculated that MIA deposited in the extracellular cartilage matrix may bind to integrin alpha 5 on chondrocytes and preserve the chondrocytic phenotype even under the influence of BMPs before ossification finally takes place at a slow rate. The disturbed cellular arrangement of chondrocytes in MIA/CD-RAP-deficient mice displaying higher numbers of clusters and fewer columns in layers 2 and 3 can also be interpreted as sign of an altered process of endochondral ossification possibly disturbing the sequence of cellular movements and arrangements during ossification. So MIA may be involved in the regulation and retardation of bone formation during remodeling of joints.
More general speculations may be raised from the results of this study whether MIA/CD-RAP is involved in the process of the preservation of cartilage in the body. It seems as MIA/CD-RAP has the ability to reduce the effect of molecules leading to osteogenic differentiation and by this stabilizes the chondrogenic status. Future studies have to aim at the identification of redundancy factors which should be found over expressed in the MIA/CD-RAP-deficient mice.
Methods

Cell isolation and cell culture
Human primary chondrocytes derived from articular cartilage (CellSystems, St. Katharinen, Germany) were cultivated in DMEM (PAA, Pasching, Austria) supple-mented with penicillin (100 U/ml), streptomycine (10 μg/ml) (both Sigma, Deisenhofen, Germany), and 10% fetal calf serum (Pan Biotech GmbH, Aidenbach, Germany) under a humidified atmosphere of 5% CO2 at 37 o C and splitted 1:2 at 80% confluency. As chondrocytes spontaneously de-differentiate in cell culture, redifferentiation of the cells (passage 5) was induced by treatment with TGF-β1 (0.01 μg/ml, PeproTech, Rocky Hill). RNA of de-differentiated cells (day five of culturing) and redifferentiated cells (day 20 of culturing after induction of redifferentiation) was isolated and differentiation was controlled by determining collagen type II by RT-PCR. Dedifferentiated chondrocytes were treated with PD098059 (CALBIOCHEM, Nottingham, UK), MIA/CD-RAP and the antibody JBS5, binding and activating integrin alpha 5.
Human mesenchymal stem cells from CellSystems were cultivated in MSCGM medium (CellSystems) under a humidified atmosphere of 5% CO2 at 37 o C. Cells were used in passages 4 to 10. Cells were treated with BMP2 (100 ng/ml) (PeproTech, Rocky Hill), MIA/CD-RAP (100 ng/ml), dorsomorphin (2 μM) (Sigma, Deisenhofen, Germany) and/or chordin (2 μg/ml) (R&D Systems, Minneapolis) for 48 h followed by RNA isolation.
RNA isolation and RT-PCR
For RT-PCR total cellular RNA was isolated from 3 cryo-sections of each embryo (100 μm) using the RNeasy kit (QIAGEN, Hilden, Germany). The integrity of the RNA preparations was controlled on a 1% agarose/formaldehyde gel. The reverse transcriptase reaction was performed in 20 μl reaction volume containing 2 μg of total cellular RNA, 4 μl of 5× first strand buffer (Invitrogen), 2 μl of 0.1 M DTT, 1 μl of dN6-primer (10 mM), 1 μl of dNTPs (10 mM, Amersham, Pittsburgh) and DEPCwater. The reaction mix was incubated for 10 min at 70 o C. Then 1 μl of Superscript II reverse transcriptase (Invitrogen) was added and RNAs were transcribed for 1 h at 37 o C. Subsequently, reverse transcriptase was inactivated at 70 o C for 10 min and RNA was degraded by digestion with 1 μl RNase A (10 mg/ml) at 37 o C for 30 min. cDNAs were controlled by PCR amplification of β-actin. PCR was performed using specific primers for mMIA, osteopontin, osteocalcin, aggrecan, Sox9, and ITGA5 (Tscheudschilsuren et al., 2006) . mRNA expression was analyzed by quantitative real time-PCR on a Lightcycler (Roche, Mannheim, Germany) as described previously (Wenke et al., 2009 ).
Co-immunoprecipitation and western blot analysis
For analysis of BMP2 and MIA/CD-RAP interaction, BMP2 (2 μg, Peprotech) or BMP2 and biotinylated MIA/CD-RAP (2 μg (Bauer et al., 2006) ) were added to 50 μl streptavidin-coupled G-sepharose (Pharmacia, Freiburg, Germany). The mixture was incubated for 1 h, pelleted, washed three times with binding buffer, resuspended in 20 μl Laemmli's buffer (Roth, Karlsruhe, Germany), heated at 95 o C for 5 min and separated on 12% SDS-polyacrylamide gels. BMP2 binding to MIA/CD-RAP was analyzed by western blotting using an anti BMP2 antibody (R&D Systems, Minneapolis).
For integrin alpha 5 co-immunoprecipitation 100 μg cell lysates dissolved in binding buffer (20 mM NaPO4, 150 mM NaCl, pH 7,5) were precleared with 25 μl protein streptavidin-coupled G-sepharose (Pharmacia) at 4 o C overnight. After centrifugation the supernatant was transferred into a fresh vial and incubated with biotinylated MIA with shaking at 4 o C overnight (Bauer et al., 2006) . Then 50 μl streptavidin-coupled G-sepharose was added for 1 h, pelleted, washed three times with binding buffer, resuspended in 20 μl Laemmli's buffer, heated at 95 o C for 5 min and separated on 12% SDS-polyacrylamide gels. Integrin alpha 5 binding to MIA was confirmed by western blotting using an antibody against integrin alpha 5 (Chemicon International, Temecula).
Protein analysis in vitro (western blot analysis)
For protein isolation cells were washed with 1× PBS and lyzed in 200 μl RIPA-buffer (Roche, Mannheim, Germany). The protein concentration was determined using the BCA protein assay reagent (Pierce, Rockford). Balanced amounts of cell proteins (50 μg) were denatured at 70 o C for 10 min after addition of Roti-load-buffer (Roth, Karlsruhe, Germany) and subsequently separated on NuPage-SDS-gels (Invitrogen, Groningen, The Netherlands). After transferring the proteins onto PVDF-membranes (BioRad, Richmond), the membranes were blocked in 3% BSA/PBS for 1 h and incubated with a 1:1000 dilution of primary polyclonal rabbit anti-integrin alpha 5 or anti-P-ERK1/2 (R&D, antibody (Richmond; Chemicon, Hampshire, UK) over night at 4 o C. A 1:2000 dilution of anti-rabbit-AP (Chemicon) was used as secondary antibody. Staining was performed using NBT/BCIP solution (Zytomed, Heidelberg, Germany). All experiments were repeated at least three times with similar results. For quantification blots were scanned and band intensity was evaluated in relation to the loading control.
Construction of the MIA targeting vector and generation of gene-disrupted mice
MIA/CD-RAP-deficient mice were generated as previously described (Moser et al., 2002) .
For routine genotyping of the MIA/CD-RAP breeding pairs genomic tail-DNA was prepared and analyzed by PCR. The primer pair to amplify the wild type allele was: MIA-wt sense 5'-ATCCTATCTCCATGGCTGTGG-3'; MIA-wt anti 5'-GCCACTTTTGATGGTTTGCTGG-3'. The primer pair to amplify the targeted allele was: MIA-ko anti 5'-C-CCATCAGCCTCACCGTAGGT-3', PGK-polyA down 5'-C-GTCTCTTTACTGAAGGCTCTTT-3' (Sigma).
Histological analysis
The overall height of articular cartilage and calcified cartilage of the knee joint was measured on H&E sections by means of an ocular length scale (Olympus) (magnification ×40) in 12 week old wild type mice and MIA/CD-RAP-deficient mice. The cartilage height was measured in both the tibial and femoral articular surfaces of the joint in three high powered fields (HPF) next to the medial end of the lateral meniscus. Overall cartilage height was measured from the bone/cartilage interface to the surface of the cartilage. The height of the calcified cartilage was measured from bone/cartilage interface to tidemark. The number of groups of chondrocytes arranged in clusters or columns and of single chondrocytes was counted in 5 HPF in layers 2 and 3 of the tibial and femoral articular cartilage.
Statistical analysis
Results are expressed as mean ± S.E.M (range) or percent. Comparison between groups was made using the Student's paired t-test. A P value ＜ 0.05 was considered significant. All calculations were performed using the GraphPad Prism software (GraphPad software Inc, San Diego).
